Spike timing-dependent plasticity (STDP) plays an important role in sculpting information-storing circuits in the hippocampus, since motor learning and memory are thought to be closely linked with this classical plasticity. To further understand the information delivery in a hippocampus circuit, we build a computational model to study the potential role of linear changes in the synaptic weight and synaptic number. Several key results have been obtained: (i) Changes in the synaptic weight and numbers lead to different long-term modifications; (ii) the first paired spiking from two neurons significantly influences the adjusted subsequent paired spiking; the pre-post spiking pair strengthens the following paired spiking; however, the post-pre spiking pair depresses the subsequent spiking; (iii) when the synaptic weight and synaptic numbers are changed, the interval of the first spiking pair may undergo reduction, and (iv) when we stimulate a stellate neuron weakly or decrease the capacitance of the CA1 pyramidal neuron, LTP is more easily produced than LTD; on the contrary, LTD is more easily produced in an opposite situation; increase in the synaptic numbers can promote activation of the CA1 pyramidal neuron.
INTRODUCTION
Since the discovery of persistent enhancement of the efficacy of synaptic transmission by tetanic stimulation in the hippocampus [1] , i.e., a phenomenon now generally called longterm potentiation (LTP), studies of the activitydependent synaptic plasticity became one of the scientific frontiers and hot topics in neurobiology [2, 3] . Subsequent studies have further addressed the importance of the temporal order of presynaptic and postsynaptic spiking for long-term modifications in a variety of glutamatergic synapses and have defined "critical windows" for spike timing. When presynaptic spiking in neuronal pairs precedes postsynaptic spiking (the situation hereafter referred to as "pre-post") within a window of several tens of milliseconds, LTP is induced, whereas spiking of the reverse order ("post-pre") leads to LTD. This form of activity-dependent LTP/LTD is now referred to as spike timing-dependent plasticity (STDP) [4] .
In their early experiments, Levy and Steward [5] examined the effect of relative timing of presynaptic and postsynaptic action potentials (APs) at the millisecond level on the plasticity phenomena. A later work, by Bi and Poo [6] , underscored the importance of precise spike timing, synaptic strength, and postsynaptic cell type in activity-induced modifications of the efficacy of central synapses. These authors suggested that Hebb's rule may need to incorporate a quantitative consideration of spike timing that reflects a narrow and asymmetric window for the induction of synaptic modification. Recently, studies of STDP in in vivo systems were carried out, and several layers of complexity in STDP were revealed [7] . According to the mathematical fitting method of exponential function [6] , a computational model was built to investigate biophysical mechanisms by which storage and recall of spatio-temporal input patterns are achieved by the CA1 microcircuitry [8] .
On the basis of the real connection system between different cells in a hippocampus circuit, we, using computational approaches, studied the interaction of different inputs, as well as the STDP learning rule, which were influenced by changes in the synaptic strength and synaptic number in different combinations. In addition, some meticulous potentiation and depression phenomena can be reached at the same time. 
METHODS
Taking into account the results of anatomy studies on the system of connections between cells and physiological parameters of each cell, we constructed a simplified computational hippocampus network that is rather similar to the real system and includes three kinds of neurons present in the rat hippocampal network, namely CA1 pyramidal neurons, stellate neurons, and CA3 pyramidal neurons. In order to simulate real neuronal properties in this circuit, we used only three neurons to build the circuit, where the perforant path projects to the hippocampus from the entorhinal cortex. This pathway forms excitatory synapses on the apical dendrites of the CA1 pyramidal neuron. The CA3 pyramidal neuron is connected with the CA1 pyramidal neuron, which also shapes excitatory synapses through a set of fibers called Schaffer collaterals [9] (Fig. 1) .
According to the results of real biological experiments, it is rather easy to understand the configuration of the examined hippocampus circuit. The sequence of events in such circuit is also very specific. The inevitable physiological parameters in this model related to every neuron can be obtained from the respective papers [9, 10] and the Appendix.
In theoretical analysis, a single cell can be characterized as relying on the conduction model and the compartment model; different parts of the neuron can be described by different compartment numbers. The basic theory of electrical signal transmission is based on the Rall's cable model, and its discrete format is a neuronal compartment model [11] [12] [13] [14] . We should notice that different compartments have different ion channels and some initial ion variables. The parameters and neuronal equations can be described as follows:
In the neuronal equations shown above, C, x = x(V), I compartment , and I syn separately indicate the cell membrane capacitance, the channel open or closed, the external stimulus, compartment currents, and synaptic currents. Chemical synapses provide connections between the cells, and different connections can be described as excitatory or inhibitory [14] .
The network was constructed within the framework of the NEURON software, and we used MATLAB software to process the data. The simulated results have been repeatedly verified.
RESULTS
In the language of neuroscience, synaptic plasticity is the ability of a connection or a synapse between two neurons to change its efficacy (strength) in response to either use or disuse of transmission over synaptic pathways [15] . Here, we simulated the two situations: (i) The synaptic conductance of NMDA receptors is the product of 0.035 and the synaptic weight; the synaptic conductance of AMPA receptors is the product of 0.001 and the synaptic weight. Thus, a linear change in the synaptic weight is analogous to a linear change in the synaptic conductance. (ii) Linear change in the number of synapses can be provided.
Here, we will give a description of a "normalized EPSP slope," k. Under initial conditions, the first spike of the postsynaptic neuron is marked V0. If we change the prerequisites, the postsynaptic neuron will generate a new first spike marked V1. In such a way, we can calculate the "normalized EPSP slope" k = (V1 -V0)/V0. LTP and LTD Produced in the CA1 Pyramidal Neuron by Perforant Path Synapses. Results of the previous research [16] showed that direct sensory information arriving at distal CA1 synapses through the perforant path provide compartmentalized instructive signals that assess the saliency of mnemonic information propagated through the hippocampal circuit to proximal synapses. Here, we mainly analyze the impact of perforant path synapses.
At the beginning, we only stimulated the stellate cell with a constant input, and there was no input from Schaffer collaterals to the CA1 pyramidal neuron. When the synapse weight is initially small, the system is always in the pre-post firing pattern, and the critical window shows that the LTP phenomenon shown in the experiment is observed [17] . The first spiking pair interval demonstrates a tendency toward a decrease when the synaptic weight increases ( Fig.  2A) . If we increase the synaptic weight to a greater value, the system is always in the post-pre firing pattern, where LTD can be reached (C). When the synapse number is initially small, the system also shows a pre-post firing pattern. If we increase the synaptic number to 51, when the system is always in the pre-post firing pattern, the critical window provides the LTP phenomenon (Fig. 2B) . On the contrary, when the synapse number is decreased to 54 from a greater number, the LTD phenomenon can also be formed (D).
During LTP, the first spiking pair is regarded as playing a dominant role to restrict the subsequent postsynaptic spiking. The first pre-post spiking pair can intensify the subsequent paired spiking; nevertheless, potentiation would recede when the firing interval decreases (Fig. 3A, B) . During LTD, however, an opposite conclusion can be reached (C, D).
According to the computational simulation, changes of both synaptic weight and synaptic number would lead to the replacements of LTP and LTD. But how the two long-term changes are related to storing and delivering information is quite difficult to prove. Moreover, the computational results can inspire us to test and simulate the various factors that can be introduced in the biological experiments to complete the STDP theory with extreme difficulties.
LTP Produced in the CA1 Pyramidal Neuron by Schaffer-Collateral Synapses. Clarke and Stephen [18] showed that selective induction of different forms of LTP is achieved via spatial segregation of functionally distinct calcium signals, where activation of NMDA receptors is necessary. So, we studied the impact of Schaffer-collateral synapses on the CA1 pyramidal neuron to further understand the mechanisms of synaptic plasticity.
Here, we also stimulated the CA3 pyramidal neuron via a constant input. In a manner similar to that described above, we studied the impact of Schaffer-collateral synaptic weight and synaptic number on the phenomena observed. We found only LTP induced by increase in the synaptic weight and synaptic number (Fig. 4) . Both the effect of the first spiking pair and the trend of spiking intervals are rather similar to the results shown above. The difference is that we failed to find the post-pre pattern of the first spiking pair interval, which can induce LTD. From the aforementioned research, we acquired some properties of LTP and LTD and are able to summarize their difference and similarity. The difference mainly relates to the initial state, the magnitude of the first spiking pair interval, and the effects of these factors (a detailed description was presented above). The similarity is that the magnitude of the first spiking pair interval demonstrates a decreasing trend, in both LTP and LTD. Transformation of the role of the first spiking depends on the synaptic weight and number of synapses. The smaller the synaptic weight and the mentioned number, the more obvious the inhibitory function. We should, however, note that the first firing interval also depends on the synaptic weight and synaptic number. We found that when the interval in the first spiking pair decreases, the peak voltage in the CA1 pyramidal neuron also decreases, and this mode of inhibition depends on firing of the presynaptic stellate neuron; the less pre-bursting spikes, the more obvious the inhibitory function (Fig. 5) .
Factors that Can Affect the Firing Pattern of the First Spiking. Based on the former analyses, we studied the factors that can influence the firing pattern of the first spiking. When the synaptic weight is high initially, LTD is induced with decrease in the synaptic weight. On the contrary, when the synaptic weight is small initially, LTP is induced with increase in the synaptic weight. But we should pay special attention to the critical value differentiating LTD and LTP.
From the simulated graph of the relationship between the critical value and the external stimulus intensity, it is easy to find that when the latter parameter (stimulus intensity) increases, the critical value will decrease. Then we continued to study the relationship between the critical value and the membrane capacitance of the CA1 pyramidal neuron. We found that when the membrane capacitance increases, the critical value will increase. In other words, LTP was more easily induced than LTD with a larger membrane capacitance of the CA1 pyramidal neuron or a weak external stimulus input (Fig. 6) .
The Function of Schaffer-Collateral Synapses on the CA1 Pyramidal Neuron. Jarsky et al. [13] have examined the function of those distal synaptic inputs, which led to three predictions confirmed in the experiments using rat hippocampal slices. On the basis of the above research, we primarily studied the function of Schaffer-collateral synapses on the CA1 pyramidal neuron. In our model, the CA1 pyramidal neuron has only connections with the stellate neuron. The latter receives a constant external stimulus, and we can estimate the relationship between necessary synaptic number and synaptic weight. To study how the Schaffer-collateral inputs affect this relationship, we connected the CA3 pyramidal neuron with the CA1 pyramidal neuron once again. The necessary synaptic number decreased in the presence of both inputs, in contrast to the situation without the Schaffer-collateral input. The latter input could better promote the efficiency of activation of the CA1 pyramidal neuron (Fig. 7A) . Then we fixed synaptic weights and saw that activation of the CA1 pyramidal neuron was promoted by increasing the numbers of the two above-mentioned kinds of synapses (B).
Then, we analyzed the influence of Schaffercollateral synapses on the perforant path by changing the perforant path synaptic weight and examined the LTD and LTP reproduction again. Nevertheless, the Relationship of the perforant-path synaptic weight and the necessary synaptic number. A) Blue line is that with only the perforant-path stimulus, and red line is that with both perforantpath and Schaffer-collateral stimuli; B) activation of the CA1 pyramidal neuron would be promoted by increasing the numbers of the above two kinds of synapses; blue points represent the cases where the CA1 pyramidal neuron failed to be activated, and red points represent the opposite situation.
range of k is very narrow in the case of LTD and the change of k is wider in the case of LTP than that without the stimulus applied to Schaffer collaterals (Fig. 8A, B) . Based on the role at the first spiking pair we have discussed above, we can conclude that, in the case where the first spiking pair corresponds to the prepost firing pattern, subsequent presynapse spiking can promote firing of the postsynaptic unit via perforant-path synapses. However, such promotion decreases after firing of the CA3 pyramidal neuron even though LTP is expected to be induced in Schaffer-collateral synapses (Fig. 8C) .
Therefore, we mainly studied the interaction of the two synaptic systems on the CA1 pyramidal neuron and the phenomenon of synaptic plasticity by studying mechanisms of the hippocampus circuit modeled considering the firing pattern qualities. A few results stemming from the subsequent discussion were obtained:
Changes in the synaptic weight and synaptic number between the CA1 pyramidal neuron and the stellate neuron lead to long-term changes in the CA1 pyramidal neuron, which include LTD and LTP. The first spike of the postsynaptic neuron (CA1 pyramidal neuron) plays an important role in modifying the subsequent spiking. The pre-post firing pattern plays a positive role in facilitating the following spiking. On the contrary, the post-pre firing pattern plays a negative role in this respect.
Changes in the synaptic weight and synaptic number between the CA1 pyramidal neuron and the CA3 pyramidal neuron lead only to LTP in the former (CA1 pyramidal) neuron. When we change the synaptic weight, the first spiking pair interval is reduced, which directly inhibits changes in the first spiking pair.
When we apply a weak external stimulus to the EC stellate neuron or decrease the capacitance of the CA1 pyramidal neuron, LTP is more easily to be produced than LTD; in the opposite situation, LTD is more readily to be produced than LTP. In addition, Schaffer collaterals can better promote activation of the CA1 pyramidal neuron; however, their activity inhibits potentiation of the first spiking pair.
Based on the above analyses, the constructed hippocampal network possesses a clear network configuration and is able to realize many functions. In this paper, we mainly discuss the synapse modification due to linear changes of the synaptic number and weight and also to interactions between the perforant path inputs and Schaffer collateral inputs. In fact, some results obtained in our study are rather similar to the results of biological experiments. Since general learning rules are too complex to be extracted from the results of the above experiments, the results of model computation will provide further significant help in future research.
Appendix. Supporting information. Supplementary data associated with this article is in the online version at http://neuromorpho.org/ and http://senselab.med.yale.edu/ modeldb/.
This publication was not associated with any experiments on animals or tests involving human subjects; therefore, it does not require confirmation of compliance with existing ethical standards from this aspect.
